INTRODUCTION
Hosts encounter different classes of microbes all the time and they must have proper mechanisms to sense invariant structural motifs such as lipids, proteins, glycans, lipoproteins or nucleic acids of invading pathogens including bacteria, fungi and viruses. Rapid innate immune responses to eliminate the infectious agents depend largely on the recognition to microbes and their products by a broad array of pattern recognition receptors (PRRs) (Iwasaki and Medzhitov, 2015) . This complex receptor system consist of four main types of sensors: Toll-like receptors, RIG-like receptors which detect cytoplasmic viral RNAs, intracellular NOD-like receptors *Corresponding author (email: liang2006718@sina.com) and cytoplasmic sensor of DNA (Broz and Monack, 2013) . In spite of having recognition of overlapped spectrum of pathogens, extensive research in the past decade has identified that the molecular bases of PRRs-ligand interactions and outcomes are quite different. Upon innate recognition of pathogens, multiple signaling pathways are initiated, culminating in induction of inflammatory mediators including inflammatory cytokines, chemokines, and type I IFNs, essential in host defense (Carpenter et al., 2014) . Inflammation involving both innate and adaptive immunity is a normal response to infection, while excessive inflammatory responses can induce considerable tissue injury and can be highly detrimental to the host (Cao, 2016) . A proper response to maintain host-microbial homeostasis and induce antimicrobial defense relies on specific positive or negative regulators to avoid a prolonged or exaggerated activation of inflammatory immune responses.
In this review, we will summarize the biological role of microbial components recognition by PRRs and focus on recent advances in the molecular mechanisms of the regulation of PRR-mediated immune response. Understanding the microbe-specific innate immune recognition will provide us with ways and means to develop therapeutic targets for prevention or treatment of inflammatory diseases.
INNATE RECOGNITION OF MICROBIAL-DERIVED COMPONENTS BY PRRS
Hosts are constantly exposed to the threat of microbial species including bacteria, fungi and viruses. Invading microbial organisms are the causative agents of various diseases and are characterised by specific arrangements of key molecules called pathogen associated molecular patterns (PAMPs) (Chu and Mazmanian, 2013) . Well-known PAMPs mainly consist of the bacterial lipopolysaccharides (LPS), peptidoglycans, flagellin, fungal polysaccharides and viral nucleic acids (Qiao and Wu, 2015) . These specific molecular patterns of components are recognized by several different families of PRRs on multiple cell types. Meanwhile, the same microbial-derived components may also be recognized by different PRRs.
Innate immune pattern-recognition receptors
Extensive work over the years has led to the discovery and characterization of multiple PRR families in different cellular compartments (Sellge and Kufer, 2015) . So far, there are ten TLRs with distinct ligand-binding specificities in humans and twelve TLRs in mice. These type I transmembrane proteins are present on the plasma membrane (TLR1, TLR2,  TLR4, TLR5, TLR6 and TLR11) or within the endosomal  and lysosomal compartment (TLR3, TLR7, TLR8, TLR9 and TLR10) (Gay et al., 2014) . The extracellular domain containing varying leucine-rich-repeat (LRR) motifs is involved in the recognition of PAMPs, while the intracellular TIR (Toll/IL-1R) domain activates signaling pathways. As cytosolic PRRs, three members of the RLR family have been identified: RIG-I (retinoic acid-inducible gene I), MDA5 (melanoma differentiation associated factor 5) and LGP2 (laboratory of genetics and physiology 2). RIG-I and MDA5 share a C-terminal domain (CTD) involved in RNA recognition, a central DEAD box helicase/ATPase domain and two N-terminal caspase activation and recruitment domains (CARDs) required for downstream signaling.
LGP2, however, lacks the N-terminal CARD domains and therefore cannot induce downstream signaling. In addition to the already mentioned PRRs, a group called NLRs are also expressed intracellularly and consist of 23 members in humans versus 34 members in mice. NLR proteins have a common domain architecture that includes a C-terminal LRR domain, a central nucleotide-binding oligomerization domain (NOD), and an N-terminal effector domain. They can be divided into five subfamilies: NODs, NACHT-, LRR-and pyrin-domain (PYD)-containing protein (NLRPs), neuronal apoptosis inhibitory protein (NAIPs), CIITA and ICE-protease-activating factor (IPAF). During infections with intracellular DNA-containing microbes, DNA may be released from the microbe and end up in the cytosol to allow DNA sensing. Significant progress has been made in the last few years relating to cytosolic DNA sensing, and more than ten cytosolic receptors of DNA have been proposed (Barrat et al., 2016) .
Innate recognition of bacterial-derived components
Upon interaction with bacteria, host activates innate immune system following the detection of a variety of PAMPs which are unique to bacteria. Different works highlight the relevance of the PRR-mediated responses in host defense against bacteria (Thaiss et al., 2016) . TLR1/TLR2 or TLR6/TLR2 complex forms a pocket for its ligand, triacylated lipoprotein and diacylated lipoprotein, respectively. Together with myeloid differentiation factor 2 (MD2), TLR4 can recognized bacterial cell-wall component such as LPS. It has been revealed that TLR5 can recognize flagellin of several mobile bacterial species . NOD1 and NOD2 are NLRs that recognize the structures of bacterial peptidoglycans, γ-D-glutamyl-mesodiaminopimelic acid (iE-DAP) and muramyl dipeptide (MDP) derived from the bacterial cell wall. Other NLRs, such as IPAF, NALP3, NLRP12, NALP1 and NLRP1 are known to detect perotoxins, ATP, anthrax lethal toxin and type 3 secretion system (T3SS) from invading bacteria (Zhao and Shao, 2016) . Although DNA with a CpG motif is sensed in endosomes by TLR9, several studies have indicated the existence of cytosolic DNA PRRs in the recognition of infections with intracellular bacteria such as AIM2 and DAI. TLR7 recognizes bacterial RNA in some cell types and bacterial RNA:DNA hybrids are a unique class of microbe-associated molecular pattern for NLRP3 (Kailasan Vanaja et al., 2014) . Pyrin has recently been reported to sense the pathogenic bacteria-induced modification of Rho GTPases, which helps to distinguish pathogenic bacteria from non-pathogenic ones .
Innate recognition of viral-derived components
Virus infections can have devastating outcomes for the host and the resistance of immunity must therefore be mediated by innate recognition immune receptors that bind viral components and inhibit viral replication (Chan and Gack, 2016) . Parallel to TLR2 and TLR4 to recognize viral structural protein, it has been revealed that TLR3 detects viral double-stranded (ds) RNA in the endolysosome, while mouse TLR7 and human TLR7/8 recognize single-stranded (ss) RNAs from RNA viruses. Studies in RLR-deficient mice and cells have demonstrated essential and differential requirements for RIG-I and MDA5 to viral RNA. RIG-I has been identified to bind with high affinity to an RNA with short blunt dsRNA bearing a 59 triphosphate (<50 bp) and short poly(I:C) (<300 bp), which provides a mechanism for virus self-discrimination by RIG-I. Other RIG-I ligands lacking a 5′-ppp such as small structured RNaseL cleavage-derived RNAs, short (25 bp) and long (>200 bp) dsRNA have also been found (Yoneyama et al., 2015) . Interestingly, RIG-I has also been found to mediate antiviral responses to RNAs bearing 5′-diphosphates (5′-pp) (Goubau et al., 2014) . In contrast, MDA5 recognizes long poly(I:C) and long dsRNA (1-2 kb), which is produced during replication of sense-strand ssRNA viruses. Additional DExD/H-box helicases including DDX3, DHX9, DDX60 and DHX36 have also been recently reported to act as cytosolic sensors of viral nucleic acids (Fullam and Schröder, 2013) . Moreover, interferon-induced proteins with tetratricopeptide repeats (IFITs) are a family of proteins in the preferential binding to mis-or un-modified RNA and the viral replication proteins in the cytoplasm (Vladimer et al., 2014) . More recently, DAI (DNA-dependent activator of IRFs), AIM2 (absent in melanoma 2), Pol III (DNA-dependent RNA polymerase III), the IFN inducible protein IFI16, cyclic GMP-AMP synthase (cGAS), Ku70, Sox2, DNA-PK, LRRFIP1 and MRE11 have been implicated to detect cytoplasmic DNA recognition is important for the production of type I IFNs to infection with DNA viruses (Dempsey and Bowie, 2015; Xia et al., 2015) .
Innate recognition of fungal-derived components
Collaboration between different classes of PRRs is important for fungal recognition which is mediated by TLR2/6, TLR4, TLR7 and TLR9 sensing phospholipomannan, O-linked mannan, RNA and phagocytosed fungal DNA, respectively (Netea et al., 2015) . NALP3 has also been identified as the critical NLR family member that transduces the fungal recognition signal to the inflammasome activation and pro-IL-1β processing (Feriotti et al., 2015) . C-type lectin receptor Dectin-3 forms a heterodimeric PRR with Dectin-2 to bound α-mannans more effectively, leading to potent inflammatory responses against fungal infections (Zhu et al., 2013) . Recently, SHP-2 (Deng et al., 2015) has been identified to mediate C-type lectin receptor-induced activation of the kinase Syk and anti-fungal responses.
REGULATION OF TLR SIGNALING PATHWAYS
Recognition of microbial-derived components by TLRs except TLR3 transmit their signal with TIR domain through adaptor proteins Mal and MyD88 which then interact with IRAKs and TRAF6. Acting as an E3 ubiquitin protein ligase, TRAF6 activates a complex of TAK1, TAB1, and TAB2/3 leading to the phosphorylation of NEMO and the activation of an IKK complex (Bryant et al., 2015) . This in turn activates MAP kinase cascades and NF-κB thus inducing production of inflammatory cytokines. Both TLR3 and TLR4 recruit the TIR adapter TRAM, and then use TRIF to recruit another signaling complex composed of TRAF3/TBK1/IKK-i to activate IRF3 for the transcription of type I IFNs (Qian and Cao, 2013) .
A coordinated balance between the positive and negative regulation of TLR signal-triggered innate inflammatory responses is required to ensure the most favorable consequence for the host to eradicate pathogens. To date, the modulation of TLR signaling pathways at multiple levels have been the subject of intensive research (Leifer and Medvedev, 2016) . As membrane-associated regulator, constitutively expressed membrane MHC I can interacting with Fps which induces SHP-2-mdiated inhibition of TRAF6 and TBK1 (Xu et al., 2012) which lead to negatively regulation of TLR-triggered inflammatory responses. In addition, VEGFR-3 (Zhang et al., 2014c) can restrain TLR4-NF-κB activation and significantly attenuated proinflammatory cytokine production. MHC-I (Nair-Gupta et al., 2014) recruited from Rab11a selectively accumulate within phagosomes carrying microbial components, which engage TLR signaling. Several intracellular regulators such as Ctcf (Nikolic et al., 2014) , RasGRP3 (Tang et al., 2014) , PtpA , ZBTB20 , Fbxo3 (Chen et al., 2013a) , PP2A (Long et al., 2014) and glycolysis (Everts et al., 2014) operate as distinct checkpoints for fine-tuning TLR signal. Epigenetic alterations reprogram distinct functional sets of genes to both activate and repress transcription of hundreds of genes. In the nucleus, epigenetic alterations reprogram distinct functional sets of genes to both activate and repress the microbe-induced inflammation. Zhang et al. have recently reported that DNA modifier Tet2 is required to resolve inflammation by recruiting Hdac2 to selectively repress transcription of IL-6 via histone deacetylation . Histone lysine methyltransferase Ezh1 has been identified to promote TLR-triggered inflammatory cytokine production by suppressing the TLR negative regulator Tollip . The transcription factor DREAM can transcriptionally repress A20 and thereby impaire the NF-κB signaling (Tiruppathi et al., 2014) . As a multifunctional nuclear protein, death domain-associated protein 6 (Daxx) selectively represses IL-6 transcription through histone deacetylase 1 (HDAC1)-mediated histone deacetylation in TLR-induced macrophages . Kinases Mst1 and Mst2 has been identified to activate the GTPase Rac to promote TLR-triggered assembly of the TRAF6-ECSIT complex that is required for the recruitment of mitochondria to phagosomes and bactericidal activity (Geng et al., 2015) , while Mst4 limits inflammatory responses through direct phosphorylation of the adaptor TRAF6 (Jiao et al., 2015) .
MicroRNAs are also emerging as important regulators in the regulation of TLR pathways (Zhang and Li, 2013) .
REGULATION OF RLR SIGNALING PATHWAYS
At resting state, RIG-I adopts a rigid autoinhibited state where the CARD domains are sterically unavailable for signal transduction. Upon different RNA viruses infection, activated RIG-I and MDA5 interact with the mitochondrial adaptor MAVS and induces MAVS activation and oligomerization into a prion-like aggregate. The engagement of MAVS by RLRs causes a conformational change and thereby results in activating the downstream signaling cascades such as TBK1 and IKK kinases which lead to the expression of type I IFN and proinflammatory cytokines via NF-κB, IRF-3, and IRF-7 (Junt and Barchet, 2015) .
Precise control of RLR signaling is critical for efficient viral clearance without harmful immunopathology, and several regulators of RLR signaling pathway have been reported. For example, DNA methyltransferase Dnmt3a selectively upregulates the production of type I interferons by maintaining high expression of HDAC9 to deacetylate TBK1 for activation of antiviral innate immunity . RNA viruses can specifically upregulate the expression of Siglec-G (Chen et al., 2013b) , Siglec1 (Zheng et al., 2015) and DAPK1 (Zhang et al., 2014a) which regulate antiviral innate immune response. Cytoplasmic STAT4 has been described to interact with E3 ligase CHIP and block RIG-I and CHIP association, resulting in preventing CHIP-mediated proteasomal degradation of RIG-I . E3 ubiquitin ligase RING finger protein 122 (RNF122) can supress RIG-I-triggered antiviral innate response by targeting CARDs of RIG-I and mediating proteasomal degradation of RIG-I . A bicistronic mRNA of MAVS has been identified to encode a second protein miniMAVS to interfere with interferon production induced by full-length MAVS (Brubaker et al., 2014) . Human OASL contributes to host antiviral responses by specifically enhancing RIG-I activation through its C-terminal ubiquitin-like domain .
REGULATION OF NLR SIGNALING PATHWAYS
NLRs represent a large family of intracellular sensors that can detect pathogens and stress signals such as degradation products of peptidoglycans, microbial products, noninfectious crystal particles and ultraviolet irradiation (Wen et al., 2013) . It has long been known that the NOD1 and NOD2 can interact with an adaptor protein RIP2 which mediate the activation of various transcription factors such as NF-κB, MAPK, and IRFs to induce the production of proinflammatory cytokines, type I IFNs and antimicrobial peptides. A major function of another subfamily of NLRs such as NLRP1, NLRP3, NLRP6 (Wlodarska et al., 2014) , and NLRC4 is in inflammasome activation. Inflammasome assembly has been described that recruit the common adaptor protein ASC to activate caspase-1, leading to the maturation of IL-1β and IL-18 maturation as well as pyroptosis. Interestingly, RNA viruses can also promote activation of the NLRP3 inflammasome through a RIP1-RIP3-DRP1 signaling pathway.
The NLR activation has been implicated in the pathogenesis of several acquired inflammatory diseases (Dorfleutner et al., 2015) . As an NLRP3-binding protein, a member of the family of mammalian NIMA-related kinases (Neks) Nek7 acts downstream of potassium efflux to regulate NLRP3 oligomerization and activation (Groß et al., 2016) . Leucine-rich repeat Fli-I-interacting protein 2 (LRRFIP2) negatively regulates NLRP3 inflammasome activation by recruiting the caspase-1 inhibitor Flightless-I (Jin et al., 2013) . The recent finding that dopamine D1 receptor (DRD1) signaling cause negative regulation of NLRP3 inflammasome via cAMP, which binds to NLRP3 and promotes its ubiquitination and degradation via MARCH7 . Endogenous COPs and POPs bind to caspase-1 and ASC respectively, resulting in sequestering them from the inflammasome complex (Krishnaswamy et al., 2014) . Some microbial proteins, Omega-3, A20 and autophagy can also inhibit NLRP3 inflammasome activation (Yan et al., 2013; Vande Walle et al., 2014) . More recently, prion-like polymerization of underlies signal transduction of NLRP3 and ASC in antiviral immune defense and inflammasome activation (Cai et al., 2014; Franklin et al., 2014) .
REGULATION OF CYTOSOLIC DNA SENSORS DEPENDENT SIGNALING PATHWAYS
One area of recent intense research has been the search for cytosolic DNA sensors dependent signaling pathways (Roers et al., 2016) . DAI is able to bind right-handed spiral B-DNA and interact with TBK1, leading to activation of type I IFN responses. In addition, AIM2 has been shown to activate caspase-1 via the inflammasome component ASC in response to cytosolic DNA. As the enzyme responsible for synthesizing 5′-ppp RNA from the poly(dA-dT) template, Pol-III detects cytosolic DNA and induces type I IFN through the RIG-I pathway (Paludan and Bowie, 2013) . The STING pathway has now been shown to be the hub adaptor of the recently identified DNA sensors for activating innate immune gene transcription in response to infection by DNA pathogens (Barber, 2015) . Recent studies have also revealed a key role in STING activation for cGAS that generates the cyclic dinucleotide (CDN), cyclic GMP-AMP (cGAMP) from GTP and ATP in a DNA-dependent manner (Chen et al., 2016) . In addition, pan-viral specificity of IFN-induced genes reveals Zhang, Y., et al. Sci China Life Sci December (2016) Vol. 59 No. 12 new roles for cGAS in antiviral pathways spanning several virus families (Schoggins et al., 2014) . More recently, sequence-specific activation of cGAS by DNA structures containing unpaired guanosines flanking short (12-to 20-bp) dsDNA (Y-form DNA) structures has been found in primary HIV-1 cDNA (Herzner et al., 2015) .
During DNA-based microbes invasion, negative regulators are required to prevent overwhelming immune responses and maintain homeostasis. For example, IRF1 (Man et al., 2015) and guanylate-binding proteins (Meunier et al., 2015) are required for activation of the AIM2 inflammasome during Francisella infection, while the PYRIN domain-only protein POP3 competes with ASC for recruitment to AIM2-like receptors and inhibits DNA virus-induced activation of inflammasomes (Khare et al., 2014) . As a positive regulator, inactive rhomboid protein 2 (iRhom2) can mediate trafficking and stability of the adaptor STING to promote DNA-virus-triggered induction of type I IFN (Luo et al., 2016) . Sumoylation by Trim38 and desumoylation by Senp2 regulate the stability of the DNA sensor cGAS to regulate the kinetics of response to DNA virus (Hu et al., 2016) . NLRC3 was recently found to block the cytosolic DNA detection system to fine tune host response to intracellular DNA, DNA virus, and c-di-GMP (Zhang et al., 2014b) . Also, the IFN-inducible E3 ligase TRIM21 has been found to inhibit cytosolic DNA responses by mediating DDX41 degradation, while unanchored K48-linked polyubiquitin synthesized by TRIM6 stimulates the interferon-IKKε kinase-mediated antiviral response Rajsbaum et al., 2014) .
ABERRANT SIGNALS OF INNATE RECOGNITION IN INFLAMMATORY DISEASES
The importance of innate recognition of microbial-derived signals is underscored by aberrant PRR signals in innate immunity and the pathophysiology of various inflammatory diseases, such as endotoxin shock, inflammatory bowel disease (IBD), and rheumatoid arthritis (RA) . Therefore, identification and characterization of regulators of PRR signals will add mechanistic insights that underlie development of inflammatory diseases and may suggest possible drug targets for intervention of these diseases (Yuan and Li, 2016) . Accumulating studies have suggested that lack of positive adaptors of PRRs protects host from microbial pathogen challenge, while negative regulators deficiency can cause excessive inflammatory immune responses and increased susceptibility to endotoxic shock after microbial components stimulation . Recently, it has shown that Rhbdd3 plays a critical role in attenuating TLR3-triggered acute inflammation by controlling NK cell activation in liver, and suppresses the production of IL-6 in dendritic cells via K27-linked ubiquitination of the regulator NEMO and was involved in the control of IBD (Liu et al., 2013a; Liu et al., 2014) . The autophagy protein ATG16L1 has been identified to suppress Nod-driven inflammatory responses and contribute to the chronic inflammation associated with Crohn's disease (Sorbara et al., 2013) . Moreover, Ash1l, a H3K4 methyltransferase, was reported to enhance A20 expression and suppress subsequent IL-6 production in TLR-triggered macrophages, protecting mice from E. coli-inducedsepsis and collagen-II induced arthritis (Xia et al., 2013) . More recently, it has been shown that LPS primes the proinflammatory innate immune response via TLR4 and can be considered a major hidden risk factor for osteoarthritis (Huang and Kraus, 2016) .
CONCLUSIONS
Inflammation is a protective response by the body to harmful stimuli, such as microbial infection, tissue injury, and cardiac infarction. The function of inflammation is to ensure removal of detrimental stimuli, as well as a healing process for repairing damaged tissue, and return to homeostasis. Nevertheless, inflammation can also be detrimental and is linked to various severe diseases when activated chronically or in excess (Cao, 2016) . For instance, it is well established that bacterial infection via TLR-mediated signal pathways is a major cause of sepsis and septic shock. Similarly, RLRs and new DNA receptors are associated with the process of host defense against microbial infection as well as development of some autoimmune diseases such as systemic lupus erythematosus. In addition, inflammasomes nucleated by NLRs integrate signals from metabolic and commensal systems contributing to inflammatory bowel diseases, allergy, metabolic dysfunction and type 2 diabetes.
With a dynamic and flexible regulation system comprising post-translational modifications, epigenetic modifications, metabolic modifications and microenvironment effect, PRR dependent innate signaling manages to prevent inappropriate activation or overactivation which might cause damaging inflammation to the host. In recent years, the field of microbial recognition has progressed tremendously in understanding the balanced control of innate immune responses . These new insights should pave the way for the development of new preventive or antimicrobial therapeutics such as improved vaccine adjuvants and vaccine strategies to target more optimally for preventing specific microbes (Figure 1) . Such developments will be supported by continuing research aimed at the nature of microbial components that confer PRR recognition and specifically defining PAMP-PRR interactions. Further characterization of the regulators by which innate immune recognition signaling pathways are controlled should allow us to define new targets for drug treatment aimed at preventing and managing more effectively some autoimmune and inflammatory diseases.
Figure1 (Color online) Promising therapeutic targets of innate recognition in inflammation. PRRs such as TLRs, RLRs, NLRs and cytoplasmic DNA sensors act as central integrators of a wide variety of signals, responding to diverse agonists mainly from invading bacteria, viruses and fungus. These microbial-derived signals participate in elaborate signaling pathways in multiple innate immune cells, and in turn induce transcription of genes leading to inflammation, tissue repair, and the initiation of adaptive immunity. The key to optimum health is immune balance, and this balance might be disturbed during diseases. Thus, the immune system must be tightly regulated by positive and negative regulators to maintain a balance of immune homeostasis. This new knowledge suggests that the targets to manipulate PRR pathways has great therapeutic potential for inflammatory immune diseases.
So far, several intriguing and important questions of the transduction and regulation of PRR-triggered innate signaling remain unresolved and new questions have arisen as a result of recent progress, which therefore present challenges for future research. Future studies will probably reveal additional mechanisms of innate immune recognition that how different PRRs activated by multiple PAMPs crosstalk to induce effective innate immune responses, and how do metabolic pathways, epigenetic modifiers, ion signaling, autophagy-and apoptosis-related molecules regulate or direct the responses of innate immune cells upon PRR stimulation.
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